Reticulation/polymerization of proteins using bifunctional reagents, with glutaraldehyde as a typical example, has a wide range of applications -of which HBOC (hemoglobin/hemerythrin based oxygen carriers) are illustrative. Here, the kinetics of the derivatization reaction of hemoglobin and albumin with glutaraldehyde are revisited, in order to establish the optimal conditions such as concentration of protein and derivatization agent for which the final product can be a reasonable candidate for blood substitutes. A purpose-built mixing device is described, which allows automated mixing of up to four reagents in less than 100 milliseconds, allowing for polymers with a more reproducible molecular weight.
INTRODUCTION
Able to transport oxygen outside of the red blood cell, native tetrameric hemoglobin (Hb) would be the first option for a blood substitute [1, 2] . However, cell-free Hb appears to be toxic [3, 4] because its tetrameric structure is prone to dissociation into dimers, which then undergo rapid extravasation [2, 5] . To prevent rapid tetramer elimination in blood substitute candidates, Hb is 422 typically treated with agent(s) capable of increasing the apparent molecular weight of the protein and/or establishing covalent bonds between the subunits [1, [6] [7] [8] [9] [10] [11] [12] . In this respect, one of the most commonly used methods involves reticulation/polymerization with dialdehydes such as glutaraldehyde [7, 8, [13] [14] [15] . This reaction allows intermolecular bonding between the amino groups (-NH2) of lysines (and N-terminal valines) of Hb and the carbonyl groups (-C=O) of glutaraldehyde, with the formation of covalent-bonded dimers, trimers, tetramers and polymers [7, 9, 16] . Compared to Hb polymers, the Hb-albumin copolymerization strategy has been reported to present key advantages in avoiding oxidative stress side-reactions, with minimal effects in biological tests [9, 11, 17] . Here, we describe a device for mixing the reactants in order to attain higher molecular weights with better reproducibility in the hemoglobin reticulation/polymerization reactions with glutaraldehyde, as well as for copolymerization reactions of hemoglobin with bovine serum albumin (BSA). The use of the described mixer allows for more informed and controlled choices in establishing protocols for producing protein-based oxygen carriers in larger quantities.
RESULTS AND DISCUSSION

Mathematical modeling of the mixer
The device employed for the mixing procedures was built in order to obtain a promptly homogeneous reaction mixture, from two to four species, in various concentrations, with the aid of an electromechanically delivery system and a mixing chamber.
The electromechanical system contains a stepper motor, an electronic circuit, the mechanical components, two to four syringes, and elastic connecting tubes. It can be adapted to different types of syringes, offering the possibility to easily modify the volumes of the chemicals that are involved in the reactions. The flow rate variation of the delivered species is also controllable via the velocity of the stepper motor, controlled via the electronic circuit. Figure 1 illustrates the flow rate through the connecting tubes as being a linear vs the stepper motor's angular velocity (regardless of its value), for a single-syringe case. The mixing device (cf. Figure 2 ) that was used for this case consists of a silicone tube and three syringe needles used for the two inlets and the outlet of the mixer. The whole assembly has a coating of elastic silicone in order to protect the mixing tube from external influences, and to avoid variation of internal pressure. The implementation of the mixing chamber was based on several tests and evaluations through mathematical modeling of the proposed geometry. The CFD modeling was performed for the physical model, with an initial velocity condition presumed at the inlet tubes of 0.5 m/s for each species.
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The modeling result presented in Figure 3 shows that at the outlet of the mixing tube, the velocity of the mixture is around 2 m/s, and there are no significant turbulences. This value is sufficient to obtain a residence time, inside the mixer, of around 100 ms. The results in Figure 4 illustrate the evolution of concentration only for the first species; for the second one the results are symmetrical. Thus, the outlet concentration of the substance is at half of its initial/inlet valuesuggesting that the species are indeed homogenously mixed and the chosen geometry can be successfully implemented. Figure 4 . Concentration of the first species through the mixing tube.
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FPLC-derived kinetics of the Hb-GL and Hb-BSA-GL reactions
The gel-filtration chromatograms in Figure 5 illustrate the changes in apparent molecular mass of Hb, induced by polymerization with 8 mM glutaraldehyde. The area under the peak corresponding to the derivatized sample (region to the left of the dashed vertical line in Figure 5 ) increases continuously with derivatization time, up to 120 min. This value was proposed [7] as a reasonable time-point for obtaining suitable for blood substitute molecular weights. Figure 6 shows the time evolution of the Hb-BSA-GL ternary reaction mixture. The process appears to follow faster kinetics as compared to the simple Hb-GL mixture, but with distinctly smaller contributions from fractions present near the front of the eluent (i.e., those with molecular weights of 1000 kDa and higher). Figure 7 shows an SDS-PAGE analysis of the influence of glutaraldehyde ( Figure 7A ) and BSA ( Figure 7B ) on hemoglobin (co-)polymers, at different intervals after mixing. A clear trend is seen in the band corresponding to the Hb monomer at ~16 kDa, as its intensity decreases constantly with the reaction time. The results are in agreement with those obtained by size exclusion chromatography: for the hemoglobin-only polymer the reaction is not completed after 120 min, while in case of copolymer the reaction is completed after aprox. Images of the gels were analyzed digitally (by using the specialized software called Thin Layer Chromatography Analyzer). Figure 8A Figure 9 shows UV-vis spectra of derivatized Hb immediately after the derivatization procedure with or without BSA, when using glutaraldehyde as a cross-linking agent. The increase in absorbance at 630 nm (specific to ferric hemoglobin), coupled with decreases at 540 and 580 nm (specific to ferrousoxy hemoglobin), indicates that glutaraldehyde induces a slightly enhanced autooxidation tendency (higher concentration of derivatization agent causes higher autooxidation rate) -which, as also seen in Figure 9 (solid dark grey trace), BSA can alleviate. Similarly, higher reaction times increase the autooxidation tendency ( Figure 10 ). Moreover, after approximately 4 hours the protein precipitates. Figure 11 illustrates that the degree of polymerization increases with the concentration of derivatizing agent. Thus, the largest derivatized area was obtained in the sample with the highest concentration of glutaraldehyde Table 1 ). Again, one may note that the reaction is still incomplete at 120 min after mixing in the Hb-GL cases, while it is essentially completed after 30 min for the Hb-BSA mixtures. Although the derivatized area is higher after 180 minutes, the reaction is optimally quenched at 120 min because at longer times there are also higher autoxidation rates in the product (see Figure 10 ). Time resolved data in Figure 10 were fitted with the exponential growth function y = A 1 *exp(x/t 1 ) + A 2 *exp(x/t 2 ) + y 0 , in order to obtain the kinetic data in Table 1 . Figure 12 compares chromatograms of samples obtained by mixing the reactants manually and when using the mixer, at different time intervals. It is important as well as useful that the derivatized area is larger in the case of automatically mixed reactants. The better homogeneity of the reaction mixture also provides a better uniformity of the resulted aggregates (in terms of molecular weight), and also leads to better reproducibility. 4 
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CONCLUSIONS
The kinetics of the derivatization reaction of hemoglobin and albumin with glutaraldehyde have been revisited, in order to establish the optimal conditions (time of reaction, concentration of protein and derivatization agent) for which the final product would be a reasonable candidate for blood substitutes. The use of an automated mixing device (with a tens-of-milliseconds mixing time) allows for polymers with a distinctly more reproducible molecular weight, compared with manual mixing under magnetic stirring. The importance of dedicated mixing devices for protein derivatization, discussed here for the glutaraldehyde-based reticulation of hemoglobin and albumin, is likely an observation valid more generally for performing relatively fast (bio)chemical reactions.
EXPERIMENTAL SECTION
Mixer. The mixer is built from a nonporous redox-inert material, which may be metal or plastic. Its constraints are: (1) it should be impermeable and (2) should not be oxidized by water and oxygen. In order for the mathematical model to embed the key issues relevant for building a mixer relevant for blood substitute solutions, two aqueous solutions were considered -GL (0.1% glutaraldehyde) and Hb (3.2% hemoglobin), and the initial conditions shown in Table 2 were imposed. Hemoglobin purification. Bovine hemoglobin was purified by following the general protocol of Antonini and Brunori [18] . Concentrations in the text are given per heme rather than tetramer. Native, non-derivatized hemoglobin or bovine serum albumin is hereafter referred to as "nHb" and "nBSA", respectively.
Protein derivatization.
PolyHb and copolyHb-BSA were obtained by mixing a nHb solution with or without a BSA (fraction V, Sigma, Germany) solution, with glutaraldehyde (Sigma, Germany) at 4ºC, at concentrations indicated in text. The reaction was stopped by addition of NaBH4 in equimolar amount to the glutaraldehyde. The borohydride reduces imine bonds to stable amines and also quenches excess carbonyl groups. After quenching, the reaction mixtures were dialyzed against 20 mM Tris buffer, 150 mM NaCl at pH 7.4, to remove excess NaBH 4 and side-products, respectively [7, 9] .
Mixing procedures. The samples were mixed either manually, using the tip of the automated pipette upon addition of the GL to the protein solution in a 1.5-mL reaction vessel, or by using a purpose-designed mixer. In the latter case, the protein and GL solutions are introduced into two different syringes, the fluids being then directed towards the mixing chamber, through separate tubes driven by a mobile plate with a constant speed. Here, the reactants are mixed in a ratio decided by the diameters of the tubing and syringes (in all experiments this was 1:1), allowing attainment of a homogeneous reaction mixture (see Figure 13 ). 
